ELECTRICAL MEASUREMENTS AND THEIR INDUSTRIAL APPLICATIONS 



PEflIMEXTEH 


VOLUME XXI No. 11 APRIL, 1947 

Copyright, 1947, Oonorol Radio Company, Cambridgo, Matt., U. S. A. 


I 




A WIDE-FREQUENCY-R ANGE 
CAPACITANCE BRIDGE 


• THE CONSTANTLY expanding spec¬ 
trum of frequencies used by the radio 
engineer has stimulated the study of the 
dielectric properties of insulating materials 
and of the characteristics of capacitors 
over an ever-widening range of frequency. 
During the war measuring techniques were 
developed to keep pace with radar, pushing 
the upper frequency limit first to 3000 Me 
with coaxial line apparatus and then to 10,(X)0 Me with wave-guide 
apparatus. The lower frequency limit of such equipment is about 
200 Me, which in turn is the upper limit of the susceptance-variation 
circuit. The Schering bridge and the susceptance variation circuit 

Rguro 1. Ponol viow of rhe Type 716*C Copocitanco Bridge. 
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ovorlap, the latter extending clown to 
100 kc, and the former reaching at least 
to 10 Me. 

The Type 71<>-B Capiicitance Bridge 
UHe<l the Schering bridge circuit, but has 
l)cen limited to audio-fiequencies within 
a factor of 3 below or above 1 kc. 
During the last four years some 25 
of these* bridges have lieen converted to 
I'ype 7I0-BS2 Capacitance Bridges to 
operate from 30 c to 300 kc for c^|3aci- 
tance measun*ment.s up to KKK) ^Mfi 
while maintaining a capacitance range 
up to I /if at 1 kc. The new Type 7I()-C 
C'apacitance Bridge, which suix*rs(‘des 
the Type 710-B, incorporat(*s these 
changes. A panel view of the new 
bridge is shown in Figure 1. 


CIRCUIT 

The circuit i.'« that of the well-kimwn 
Schering bridge, the armngement of 
which is shown in Figure 2. TTie simpli¬ 
fied conditions of balance are given by: 


JJx = = Ha^Ca = Qa 

M any given fitjquency anti value of 
Ua, the capacitor Ca can l)e calibrated 



to l>e direct n^iding in dis.si|xition factor. 
The standiinl capacitor can be cali- 
brated directly in micromicrofarads, and 
the capacitance range extended by 
switching the resistance Ua in decade 
steps. In the Type 716-C Capacitance 
Bridge, the capacitance Ca consists of 
an ail* capacitor and a mica decade 
capacitor, connected in parallel by 
suitable switching. 

The air capacitor lias a maximum 
capacitance of approximately 500 /n/if. 
Coimected across 20,0(X) ohms, this 
gives a maximum dissijiation factor 
range of about O.OG at 1000 cycles. The 
mica decade provides ten additional 
steps of 0.05 each, thus making a total 
mnge of 0.50. 

The staiuhinl capacitor Cy is cali- 
biate<l directly in /i/if from about 100 
/i/if to 1100 /i/if, and the total capaci¬ 
tance range of the bridge is extended to 
.011, .11, and 1.1 /if by changing the 
resistor Ha to 2000, 200, and 20 ohms, 
respectively. In orler to maintain the 
feature of direct-reading dissipation fac¬ 
tor, a s\iitable capacitor is connected in 
parallel with each value of Ra, to make 
the prtKluct RaCa of the arm equal to 
the prcxluct RaCao of the arm .1. 

For substitution measurements of 
capacitance of KKK) /i/if or les.s, the 
bridge is first balanced with a capacitor 
Cp connectc<l in the P arm, whose 
capacitance is at lea.st 100 /i/if greater 
than that of the unknown capacitor. A 
second balance is obtaineil with the 
unknown capacitor connected in parallel 
with the standard capacitor C.v. 

Cx -C ^ AC 

Dx = -^ 7 ^ - Rao^'a) 


SC 


7 ^ 0.1 


Figure 2. Elementary circuit of the Schering Bridge. 
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In order that the dissipation factor dial 
shall read up scale when the unknown 
capacitor is connectefl acra^is the .V ami. 
a metluKl switch is piovitled, which in 
its substitution position, as shown in 
Fipiure II, transfers the dissipation factor 
capiicitoi-s Ca to the B arm and places 
across tlie .i arm a capacitance etiual to 
twice the awao capacitance Cao of the 
.4 arm. 


EXTENSION 

OF FREQUENCY RANGE 

Superficially, the problem of obtain¬ 
ing dircct^reading scales at st*veral 
dilTerent frequencies is merely that of 
switching the ratio-arm resistors. Al¬ 
though the equation of balance for 
caiiacitance is independent of fivquency, 
that for dissipation factor is de|)endent 
on fre<iuency in such a manner that, 
for a given UaCa combination, the 
range of dis.^ipntion factor i.s directly 
proportional to fre(iuency. In order to 
retain the sfime range as the fi-equency 
i.s changed, it i.s necessary to change 
either Ba or Ca in invei*se proportion. 
For several reasons, not the least of 
which is the obvious economic one, the 
change is accomplishe<l by switching to 
a new value of Ra and its a.ssociated 
comiMMisiiting capacitor. Simultane¬ 
ously, of course, Rb must lx* switched, 
in tirder to retain the capacitance range. 

The problem of sati.sfactorv' wide- 
fi*e(iuency-range operation involves more 
than ratio-arm switching, however. 
Among the difficulties encountercHl are 
those* ilue to 

(a) Inductance of circuit elements and 
wiring. 

(b) l.eakage lietween primarj* of cou¬ 
pling transformer and bridge cir¬ 
cuit. 

Figure 3. Method of twitching from direct to tubttitu> 
tion meosurementt. 


(c) Insufficient transfomier n*sponse 
at extremes of frequency range. 

It is largely the limitations of (a) that 
have determimnl KK) kc as the liighest 
nominal fre(iuency for the bridge. The 
errors introiiuced by inductance vrar>% 
in general, as the squara of the fre- 
(piency; and, while negligible at 100 kc 
and witfi 200-ohm ratio amis, Ixicome 
intolerable at I megacycle and with 
20-ohm ratio amis. These errors could 
be reduced to a Utlerable value only by 
a drastic mechanical it?design of the 
bridge and its components, an objective 
not contemplated at the present time. 

THE 

COUPLING TRANSFORMER 

The principal design problem luis 
been associated with the transformer 
used to couple the generator voltage to 
the bridge circuit. Ideally this trans¬ 
former .should introduce across the 
bridge circuit only that voltage magnet¬ 
ically induced in ita secondary'. 

Actually, any transformer will have, 
in addition to this ilesircd inductive 
coupling, capacitive and conductive 
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coupling:s between the primary' winding 
and t he secondary T\inding and shields. 
Any high-impedance l^ridge circuit is 
extremely sensitive to the effects of 
these extraneous couplings. In the de¬ 
sign of the transformer for this bridge, 
unusual precautions have been taken to 
shield the primary winding. The input 
is by way of a coaxial lead brought 
directly into the winding with its shield 
soldered to the winding shield. The 
latter completely encloses the primary 
winding except for the necessarj^ slot, 
which is overlapped. Similar precautions 
are taken with the other shields; but 
nevertheless, a total residual coupling 
capacitance of the order of a few’ 
hundredths ggf remains, due probably 
to leakage through the braid of the 
concentric cable and fringing through 
the slots of the shields. 

The dissipation factor of this coupling 
capacitance, which would supply a con¬ 
ductive coupling, has l)een reduced to 
a negligible value by the use of poly¬ 
styrene ta])e for the insulation between 
shields. In all of the transformers u.sed 
in the previous nnxlels, paper and haixl 
rubl)er in.sulation was u.se<i and the 
resulting conductive coupling was suffi¬ 



cient to cause an error approaching 
0.()(X)5 in dissipation factor for small —^ 

capacitance settings. 

The effect of this coupling capacitance 
depends on the pha.se of the primary' 
voltage across the bridge and at high 
frequencies is such as to produce signif¬ 
icant errors in dissipation factor read¬ 
ings. To countemct this effect, a second 
voltage opposite in phase to the, primaiy' 
voltage is coupled to the bridge through 
a small capacitance. Hy proper adjust¬ 
ment of this coupling capacitance, the 
effect of the undesirable coupling is 
“neutralized.** The problem is very 
similar to that encountered in the 
triode amplifier where grid-plate capaci¬ 
tance causes undesirable coupling be¬ 
tween grid and plate circuits. The solu¬ 
tion also is similar, as the method em¬ 
ployed here bears a strong reseml)lance 
to the “neutralization” methods com¬ 
monly employed in radio-frecpiency 
power amplifiers. The out-of-phase com¬ 
ponent of voltage is conveniently taken 
fmra the half-turn potential of the 
primary shield, the mid-point of which 
is grounded. 

Maximum useful frequency range of 
the transformer is achieved by the use 
of high-permeability core material, with 
a one-to-one turns ratio. For the normal 
connection of the bridge, the one-to-one 
ratio means a sacrifice in sensitivity of 
about three to one as compared to the 
716-B with its four-to-one winding ratio. 

On the other hand, a three-to-one gain 
in sensitivity over the 71G-B is realized 
when the generator and detector con¬ 
nections are interchanged. This latter 
connection is frequently used at fiO 
cycles as it permits voltages up to 700 
volts to be impressed on the unknovMi 

—N. 

Figure 4. Schemork circuit diagram of the Type 716-C 
CapocitarKe Bridge, showing arrangement of trans¬ 
former shields. 
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capacitance, comparwl to 50 volts for 
/-s the normal connections. ^Mlen the 
bridge is so connected, the transformer 
is operated, at balance, at zero signal 
level and must be protected against 
magnetic pickup. Such protection is 
provided by a case of high-permeability 
material which reduces pickup by more 
than 40 db. 


The complete schematic diagram of 
this bridge is given in Figure 4. The 
transformer capacitance is placed across 
the B arm instead of the A arm in 
order to keep the zero capacitance of 
the ratio arms as small as possible. 

ACCURACY 

The same accuracy for both capaci- 



Figure 5. Typical 
meosur»m«nti with the 
Type 716*0 Capacitance 
Bn'dge. 


(left) Variation of di¬ 
electric con»tont with fre¬ 
quency for leveral dielec¬ 
tric materials. 
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taiK'f and dissipation factor that ob¬ 
tained in previous mo<.lcls of the bridge 
at 1 kc, and which is stated in the 
specifications below, holds in the 71G-C 
from 30 c to 3(X) kc. provided the liridge 
is always operated within a factor of 3 
of its direct-mading range fi'eqiiency. 
Substitution measurements can l>e made 
to the same accuracy up to 1 Me prf>- 
vided the unknown capacitance is less 
than 500 

USES 

Aside from the normal uses of the 
bridge in measuring any capacitor with¬ 
in its range for l)oth capacitance and 
dissipation factor, there art* many other 
uses for which its accuracy and wide 
capacitance aiul frequency ranges par¬ 
ticularly ada])t it. Perhaps its most im¬ 
portant use is in the intercomparison 
of sets of standards, such as Typk 500 
Condensei’s. This intercomparison can 
be made to an accuracy of 0.02% for 
capacitance and O.tXKXto for dissipation 
factor. Absolute values of capacitance 
have an accuracy of only 0.2% except 
whei*e one or more* of tlu* standardwS 
have been certified by the National 
lUireati of Standards. The capacitance 
range of such intercoraparLsons can be 
extenil(‘<l with some loss in accumey 


down to 1 MMf using special Type 722 
Precision C'ondensers and u|) to 1 mf ^ 
(10(X) juf) using suitable groups of oil- 
filled paper capacitors. 

Another important use of the bridge 
is in measuring the dielectric constant 
and dissipation factor of dielectric 
samples over the frequency range from 
30 c to 1 Me. Contained within this 
range are the effects of interfacial polar¬ 
ization at low audio-frequencies and of 
dipole polarization in polymers. The 
effect of surface water films can also 
be studierl. 

This bridge offers one of the best 
methods of measuring the Hoella effect 
in high valued resistors. This effect 
I'esults from the distributed capacitance 
occuning in such resistors. The value of 
this distributed capacitance and any 
parallel lumptni capacitance is also de- 
teiTuined. NA'henever in a lower-valueil 
resistor the effect of its series inductance 
oidAveighs that of its parallel capaci¬ 
tance, the value of this series inductance 
can Ik* det(*rmineLl. In the same manner, 
the fre(iuency characteristics of a large 
inductor or choke coil can be determined 
as it passes through its natural fre¬ 
quency and becomes capacitive. 

R. F. Field 

I. G. Easton 


SPECIFICATIONS 


Ranges: l>irert —capadtaiicv, 1(K) 

to I Mf at 1 kr; 100 M^f to 1100 M^f at KKI c. 
in kr, ;iM<l IfKl kc; clis.si])jitinn factor, 0.00002 
f n 0 

Sut)stiMitioit .Mrtliod—caimritancc, 0.1 n^{ 
to KMM) MA*f with iiiteraal standard; to J ^f 
with I'.xtrrnal st^nilards; dissiiiation factor, 
C' 

O.oO X yr w Iktc T' i.s ihr raj)aritaricc of thr 

standard rondrnscT and ('* that of thr un¬ 
known. 

Accuracy: Dirrr.t Itrading — oapacitancr, 
±0.2% or ±2 M^f X multiplirr reading (0.2% 
of full scale for each range) when the (h’.ssipa- 
tion factor of the unknown is less than 0,01; 


dissipation faeU^r ±0.0(X)5 or ±2% of dial 
reading, for values of D larhuv 0.1. 

Substitution Methml—<*upaeit^in‘e ±0.2% 
or ±2 MMf; dissipation factor, ±0.lXKX)r) or 
±2% for change in dissipation factor ol>- 
served, when thr change* is les.s than 0.00. 

A correction ch.nrl f(»r I he prc*cision conden.'.rr 
is supplied, giving scale corrections to 0.1 /u^f 
at multiples of KM) Maf- Hy using t.hest* iluta, 
substitution incasumnents can be made to 
±0.5 M^f- 

When the tlissipation factor of the uiiknowui y—^ 
e.xceeds the limiLs given alxive, additional 
errors occur in both capacitance and di.ssipa- 
tion-factor readings. Corrections are supplied, 
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by means of which the accuracy given above 
can lie maintained over the entire range of 
the bridge. 

Ratio Arm*: The arm acro.ss which the dissipa- 
lion factor condenser is normally connecleo at 
1 kc liiis a resistant' of 20,000 ulims. The other 
:inn has four values, 20,000 ohms, 2000 ohms, 
200 olims, 20 ohms, providing the four multi¬ 
plying factors 1, 10, 100, KMX). Suitable con¬ 
densers arc placed Mm»sb these lU'ins so tliat 
tlie product HC is constant. At 100 c, 10 kc, 
and 1(K) kc the ratio arms are eqiuil and have 
re-iisUmces of 2(.H),000 ohnLs, 2000 ohms, and 200 
iilims, respectively. 

A switch is provided for shifting the disMipa- 
tion-factor condensers to the other ratio arm 
when the substitution method of mea.surement 
is used, so that the dLssipat ion-factor dial will 
naid up-sc;ale. 

Standards: Cajiacitancc, Typk 722 Precision 
(’ondenser direct, reading from 100 /i/if to 
llOO/u/if; dissipation factor, Tvpk .'i.'lO-T C’on- 
denwT with semi-logarithmic scale and decade- 
step condemser calibnited direirtiy in dis.sij)ation 
factor. 

Shielding: Ratio arms, dissipation-factor con- 
dens<?rs, and shielded transformer are enclosed 
in an insulated shielti. The unknown terminals 
an* shielded .s<» that the zero capacitance acro.ss 
them Is not greater th.an 1 ^pf. A metal tlu.st 
cover and the aluminum paiu*! form a complete? 
exte.rrml shield. 

Fraquancy Range: -Vll calibration adju.stinents 
.are made at I kc and the accuracy staUuuents 
above hold for (narrating fretiuencu's from 30 c 
to 300 kc, providtMl the •npHTUtirig frequency 
does not differ from th<! range stdector fn^ 


fluency by more tliau a factor of three. Dissipa¬ 
tion-factor readini^s must Ix! corrected by 
Tiitiltiplying the dial re:iding by the ratio of 
ojH>ruting frecjuency to the mnge .st*lector fre¬ 
quency. 

Voltage: Voltiigc applied at the OKXKUATOll 
U*rminals is fed to the bridge through a l-to-1 
shielde<l tnin.sfornier. A maximum of 1 watt 
can lie .applied, allowing a maximum of 300 
volts at 1 kc, blit only .’iO vyiIi.s at 00 c. 

Pow«T c.an a Iso l»e applied at tlu' DETlCCTt IR 
terminals, and the detector (Hiimectetl t,o tin* 
tlEXERA'rOR UTminals. 

Mounting: Tlie bridge is suppliiH:! for mounting 
on a lO-ineh n*lny rack or for cabinet mounting. 

Accestories Required: (Iscilhitor and am|)liher. 
For audio frermencies Type 1301-A 0.scillator 
and Typk 9bi-K Ri^at-Fiequency Oscillator are 
satisfactorj' ))ower .sources. Type 1231-A Ampli¬ 
fier and Xull D<'tector is recrtinna^nded for use 
as the detector. !o»r aural null iiulications, 
Western Electric lfM)2-(.' Telepbom^s c.'in be 
list'd with th(* amplifier. 'I'lie Type 707-A 
Cathoch^-Ray Null Di'lector can also lie used 
as a detector for frequencies up to 2 kc. 

For .substitution measurements, a balancing 
<*ondi*n.ser is rusHh'd. This may be either an air- 
dielectric model, Type 539-B, or a fixed mica 
condenser of tlu; I'ype 505 .s^Ties. 

Accessories Supplied: Two Type 274-XT2 Shield- 
eil Connectors. 

Dimensions: (Length) 19 X (height) H x (depth) 
9 inches, over-all. 

Net Weight: 41**2 |H)unds, rcluy-ruck model; 
53?'4 pounds, (labinet model. 


Type 


Code Word 

Price 

716-CR 

For Relay-Rack Mounting 

.... noxes 

$410.00 

450.00 

716-CM 

1 Cabinet Mounted 

.... 1 nu»4>.M 1 


.\flJ 10% to above prices. 


MISCELLANY 


Among tlie recent visitors to our 
pl.'int and laboratories wei*e four from 
Stockholm, Sweden: Mr. C’arl A. Trapp, 
(.iiief Ihigineer of A. H. KilTa; Mr. Tord 
NVikland of the Research In.stitute for 
Xational Defense; Mr. (iiinnar Sv'ahi, 
Chief Resoaitii Engineer, A. 1^. Svenska 
ICleetronror, and Mr. C'arl II. Sivei*s of 
I.,. M. Ericcson, Tti. 

The Type 7Ui-C Capacitance Bridge 
was deveIoiK‘d by Robert F. Field and 
Ivan (%. Easton, the authoi-s of the 
article appearing in thi.s issue. Air. Fiehl 
is a widely known authority on im- 


])edance measurements and the prof)- 
ertics of dielectric materials, and has 
contributed a number of papers on 
these subjects to the journals of pro¬ 
fessional societies and to the Experi¬ 
menter. Mr. Easton, who has been 
intimately a.ssociateil with bridge ileveU 
opment, will also be recognized as a fre¬ 
quent contributor to the Expcrinwntcr. 
lie is at present in charge of our New 
Y'ork Engineering Office. 

The Type 413 Reat-Fivciuencv Oscil¬ 
lator, which, we believe, was the first 
instmraeiit of its kind to be made 
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available commercially, was announced 
twenty years ago this month in the 
Experimenter. Since that time, new 
models have appeared every few years, 
each an improvement in many ways 
over its predecessors. A comparison of 
the cliaracteristics of the Typk 413 


T\ith those of the current model, Type 
913^, affords interesting proof of the -n 
progress that has been made in twenty 
years in the design of vacuum tubes and 
circuit components and in the develof)- 
ment of circuits. 


Dait 

Type 

Frequency 

Range 

Open Circuit 
Output Volts 

Output 

Power 

Output 

Impedance 

Distortion 

Power 

Supply 

1927 1 

413 

1 0-10,000 cpel 

2.5 1 

O.tt mw 

1 10,00012 1 


Batteries 

1947 1 

1 9I3.C 

120-20.000 cpf>| 

25 1 

0.3 watt 

1 00012 1 

0.3% 1 

A-C Line 



VACUUM-TUBE 
TEST SET 

Shown in the accompanying photo¬ 
glyph is a lalxiratory test set for vacuum 
tubes recently developed by Sylvania 
Electric Products, Incorporated. For 
dynamic measurements of plate resist¬ 
ance, amplification constant, and trans- 
conductance, this test set uses the 
General Radio Type 561-D Vacuum- 
Tube Bridge, shown in the center of 
the photograph. 
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